We demonstrate a "membrane in the middle" optomechanical system using a silicon nitride membrane patterned as a subwavelength grating. The grating has a reflectivity of over 99.8%, effectively creating two sub-cavities, with free spectral ranges of 6 GHz, optically coupled via photon tunneling. Measurements of the transmission and reflection spectra show an avoided crossing where the two sub-cavities simultaneously come into resonance, with a frequency splitting of 54 MHz. We derive expressions for the lineshapes of the symmetric and antisymmetric modes at the avoided crossing, and infer the grating reflection, transmission, absorption, and scattering through comparison with the experimental data.
I. INTRODUCTION
Dramatic improvements in optical and mechanical design and fabrication enable new regimes of light-matter interactions [1] , including observation of long-predicted effects such as cooling to the ground state of a mechanical oscillator [2] , pondermotive squeezing [3] [4] [5] , and new ultra-sensitive sensors. Of the different approaches, the "membrane in the middle" platform for cavity optomechanics, discussed [6] and first demonstrated [7] in 2008, is notable for the fact that it decouples the technical demands on the optical and mechanical resonators. It has been used by a number of groups worldwide, for example to observe radiation pressure shot noise [8] , demonstrate optomechanical transparency [9] , generate squeezed light [5] , and optically hybridize distinct mechanical modes [10] . In addition, a number of recent theoretical proposals exploit the possibilities inherent in a "membrane in the middle" system with membranes of high reflectivity, including achieving very high optomechanical coupling to the collective modes of an array of such membranes [11, 12] , creating interference between adjacent longitudinal cavity modes [13] , new approaches to force sensing with sensitivity exceeding the standard quantum limit [14] , and studies of quantum nonlinear optics [15] . However, to date, experimental efforts have focused on low-reflectivity membranes, where the perturbations of the cavity modes, though not their frequencies, follow adiabatically with the mechanical motion [7, 16, 17] . In contrast, at high reflectivity, the membrane-mirror effectively divides the cavity into left and right modes [18] , leading to the potential for nonadiabatic corrections to the mode structure with the motion of the membrane and a variety of novel optomechanical phenomena [14, 15, [19] [20] [21] .
Obtaining high reflectivity with a uniform dielectric membrane is not possible, however, as one is limited by the Fresnel equations governing reflection at dielectric interfaces as applied to actual materials. High membrane * lawall@nist.gov reflectivity can, however, be achieved if the membrane is not uniform but patterned as a photonic crystal structure. It has long been recognized that the reflectivity of such a structure can approach unity at normal incidence [22] . Motivated by these ideas, mechanically compliant photonic crystal structures have been developed in InP [23, 24] and silicon nitride [25] ; in the latter case, importantly, little or no degradation of the mechanical quality factor was observed. A variant on this approach is provided by a sub-wavelength diffraction grating, in which only zero-order diffraction is allowed and very high reflectivity can be engineered. Such "high-contrast grating" (HCG) structures can be designed with a host of useful properties, including reflectors [26, 27] , focusing elements [28, 29] , filters, polarizers, and resonators [30] . In earlier work, we incorporated a free-standing HCG in silicon nitride into a Fabry-Perot cavity and obtained a finesse F > 2800, and found mechanical quality factors in the device as high as Q ≈ 780 000 [31] .
Here we employ an HCG fabricated in a mechanically compliant silicon nitride membrane to realize a "mirror in the middle" cavity system with a membrane of high reflectivity, as depicted in Fig. 1a . We show how the mode structure rapidly changes near the points where the left sub-cavity and right sub-cavity simultaneously come into resonance (Fig. 1b) , and suggest that this is best understood via a perturbation theory starting from unit reflectivity, in contrast to the usual dispersive regime for membrane-in-the-middle work. In addition, the spectral signatures of the system allow more detailed study of the losses than is possible in a simple cavity, and we quantify the reflection, transmission, absorption and scattering losses in the context of a simple model.
II. HCG DESIGN AND FABRICATION
The HCG design was driven by the desire for a structure that would be relatively insensitive to fabrication parameters while offering high reflectivity. Although analytic formulations for HCG properties are available for idealized geometries [32] , we have relied on rigorous cou- pled wave analysis [33] (RCWA), which allows more general structures to be treated [31] . For low-stress silicon nitride, with an index of refraction of n ≈ 2.2, a thickness of t = 470 nm is found to allow high reflectivity at our target wavelength of 1560 nm with grating periods in the range of 1.44 µm to 1.54 µm and finger widths in the range of 0.52 µm to 0.62 µm. In earlier work [34] , we found the imaginary part of the index of refraction of our silicon nitride membranes to be in the range 1.66 × 10 −5 < n I < 1.92 × 10 −5 . Taking n I = 1.8 × 10 −5 , we calculate the absorption of the HCG structure to be in the range of 1.3 × 10 −4 to 1.5 × 10
when it is illuminated from one side, depending on the exact geometry. The unpatterned membrane, on the other hand, is found to have an absorption of 6.3 × 10 −5 ; the difference is the consequence of electric field enhancement inside the HCG structure.
The HCG fabrication procedure has been described in our previous work [31, 35] . The size of the membrane used here is 250 µm × 250 µm; as shown in Fig. 1c , the HCG is located near the center of the membrane, and is circular with a diameter of 80 µm.
III. MODEL FOR "HCG IN THE MIDDLE" SYSTEM
We model the "HCG in the middle" system by means of the transfer matrix formalism, which yields the steadystate solution for the fields within and outside the cavity [36] . Each element in the cavity is represented as a two-port device, in which the complex amplitudes of the outgoing and ingoing electric fields on the right are related to the ingoing and outgoing fields on the left by means of a matrix M , as follows:
The cavity length is denoted 2d, and the membrane is positioned a distance d + x from the input coupler (left mirror) of the cavity, as shown in Fig. 1a . The transfer matrix M cav for the entire cavity can be found by simple matrix multiplication of the transfer matrices of the individual elements, and the cavity transmission and reflection coefficients are given by t cav = 1/M cav 22
The starting point for our description of the optical properties of the membrane is that taken by Spencer and Lamb [37] and others [38, 39] in early studies of two coupled lasers, as well as more recent theoretical studies and proposals in optomechanics [6, 11, 12] . The membrane is taken to be a zero-thickness slab of dielectric material with complex polarizability ζ = ζ R +iζ I , such that the reflection and transmission coefficients are r m = iζ/(1−iζ) and t m = 1/(1 − iζ), respectively. The corresponding transfer matrix is [11] 
Material absorption is described by ζ I > 0; it is readily shown that |r m | 2 + |t m | 2 = 1 if and only if ζ I = 0. While this model is clearly an idealization of the HCG, neglecting its thickness and resonant properties, it does capture the essence of the device for these purposes.
Nevertheless, a somewhat more general model is required to account for loss mechanisms other than absorption, such as scattering from surface roughness. Indeed, if we consider light incident from only one side of the membrane described by (1), the fraction of the incident power lost to absorption is simply A m = 1−|r m | 2 −|t m | 2 . If, however, light is incident from both sides, of the same amplitude but differing in phase by θ, the fraction of the incident power lost to absorption is found to be
The power absorbed vanishes even if ζ I = 0 for θ = π, meaning that the membrane is located at a node of the electromagnetic field. In order to model losses from other mechanisms, we sandwich the membrane between two "scattering" elements ( Fig. 1a) , each of whose transfer matrix is taken to be
where S m << 1. The effect of this matrix is to attenuate the transmitted field by a factor e −Sm/4 in a single pass, and thus the power by a factor e −Sm/2 . For single-sided illumination, then, the fractions of the incident power reflected and transmitted are R m = |r m | 2 e −Sm and T m = |t m | 2 e −Sm , respectively, and one finds
For simplicity, we use the latter formalism to describe losses in the cavity mirrors as well. We model each dielectric cavity mirror as a lossless reflector, with real reflection and transmission coefficients r i and t i (i = 1, 2) satisfying r 2 i + t 2 i = 1, next to which a similar scattering element parameterized by S diel is located ( Fig.1(a) ).
IV. EXPERIMENT A. Setup
The optical cavity used here is comprised of two highreflectivity dielectric mirrors with nominal radii of curvature R diel = 25 mm. The cavity length is set such that the optical cavity is nearly concentric, with a cavity length approximately 28 ± 6 µm below the stability boundary of 2R diel [40] . The geometry of the confined mode thus has a spot size (radius) on the mirrors of ω 1 = 730±40 µm and a waist (radius) of ω 0 = 17±1 µm; the numeric value following the ± sign is the combined standard uncertainty given with a confidence level of approximately 68%. This choice of waist is motivated by a compromise between minimizing beam spillage off of the patterned grating, and having a waist whose wavevectors have a narrow distribution of transverse momenta, as noted previously [35] .
The membrane is placed on a X-Y-Z stage with tip/tilt control so that it can be positioned at the center of the optical cavity. It is adjusted to be normal to the cavity mode and located at the mode waist by monitoring the transmission, and minimizing signatures of coupling from the TEM 00 mode to higher-order transverse modes. The longitudinal location is confirmed by blocking the portion of the cavity following the membrane so as to establish a simple Fabry-Perot cavity with the input coupler and the HCG, and measuring its free spectral range (FSR). The FSR of this sub-cavity is a factor of two larger than that of the empty cavity (membrane removed); accounting for measurement uncertainty, we infer that the membrane is within 2.3 µm of the center of the cavity.
B. Empty cavity
We begin by studying the cavity in the absence of an HCG in order to establish the characteristics of the cavity mirrors. In Fig. 2(a) the measured transmission of the empty cavity is plotted on a logarithmic scale. The large peak is the transmission of a fundamental TEM 00 mode, and sets the origin of the detuning. The small   FIG. 2. (a) Transmission spectrum of the empty cavity, logarithmic scale. The large peak corresponds to a TEM00 mode, and the small peaks are higher-order transverse modes. Their small size relative to the main peak is indicative of good mode matching. (b) Transmission (cyan) and reflection (red) for the empty cavity, with Lorentzian fits. From these data the characteristics of the cavity mirrors can be determined.
peaks, with amplitudes two orders of magnitude below that of the TEM 00 mode, are due to coupling to higherorder transverse cavity modes. Their small size indicates that the injected beam is well mode-matched to the cavity. Moreover, their frequencies are related to the overall cavity length and geometry of the confined modes [40] ; in particular, one infers that the waist size of the fundamental mode is ω 0 = 17 µm, as noted previously.
In Fig. 2(b) , the calibrated cavity transmission and reflection of a TEM 00 resonance are plotted on a linear scale. The frequency scale was established by means of an auxiliary experiment using sidebands on the laser provided by an electro-optic modulator. The predicted transmission and reflection spectra,taking ζ → 0 in our model, are
Here T 1 = t 2 1 is the (power) transmission of the input coupler, T 2 = t 2 2 is the transmission of the output coupler, T avg = (T 1 +T 2 )/2, ∆ν ≡ c/(4d) is the free spectral range of the cavity (length 2d), and δν = ν − ν 0 is the detuning of the incident light with frequency ν from the cavity resonance frequency ν 0 . The FWHM of the transmission peak is
By fitting the data in Fig. 2(b) to (3) and (4), we determine S diel = (3.6 ± 0.1) × 10 −4 , T L = (1.07 ± 0.04) × 10
and T R = (1.45 ± 0.04) × 10 −3 . Having established the characteristics of the empty cavity, we are now in a position to study the cavity with an HCG in the middle.
C. HCG in cavity
When a highly reflective HCG membrane is placed in the center of the cavity, the system behaves as two subcavities that are optically coupled through the membrane transmission and mechanically coupled through the position of the membrane. The transmission and reflection spectra are then functions of the axial membrane position, and are shown in Fig. 3. The transmission, Fig. 3a , is largely maximized when each sub-cavity is simultaneously resonant, which is possible when x ≈ N λ/4. The reflection, on the other hand, exhibits a deep dip whenever the left-hand sub-cavity is resonant, as shown in Fig. 3b . Qualitatively, this can be understood as the left-hand sub-cavity being approximately impedance matched [41] . At the points where the transmission is maximal, there are in fact pronounced avoided crossings in the spectra, as shown in Figures 3c and 3d. (The distortion of the lower branch of the resonance curves at x ≈ 5 nm is due to the presence of higher-order transverse modes, and will be pursued in a subsequent publication). At the avoided crossing at x = 0, the lower resonance corresponds to an optical cavity mode with odd parity, and the upper resonance corresponds to an optical mode with even parity (Fig. 1b) . For x = 0, the mode amplitudes in the two sub-cavities are different, and the modes are no longer purely symmetric or antisymmetric. For −λ/8 < x < 0, the higher-frequency mode is localized primarily in the left sub-cavity, while for 0 < x < λ/8, it is the lower-frequency mode that is localized to the left. This is illustrated in the close-up of the reflection spectrum shown in Fig. 3d . Analytic expressions for the modes of a lossless cavity, with perfectly reflecting cavity mirrors and ζ I → 0, have been given previously [38, 39] .
In our model of a zero-thickness membrane, the field amplitude of the antisymmetric mode vanishes at the membrane location, and the wavelength of the mode is the same as that of the empty cavity at the same frequency. The symmetric mode, however, is nonvanishing, with a discontinuous spatial derivative at the membrane position [38] . As R m ≡ |r m | 2 → 1, the field amplitude at the membrane diminishes and approaches a node, but as long as R m < 1 the amplitude will be nonzero and result in absorption. Similarly, the phase accumulation from −d to d remains larger than that for the antisymmetric mode, with the consequence that the frequency is higher. We denote the frequency difference between the symmetric and antisymmetric modes at x = 0 as δν SA .
The transmission and reflection spectra, accounting for cavity and membrane losses, are given by our transfer matrix treatment. Here we focus on the case x = 0. The transmission spectrum at x = 0 is shown in Fig. 4a , where the origin of the detuning is taken to be the resonant frequency of the antisymmetric mode. The mode splitting is seen to be δν SA = 54.16 ± 0.22 MHz, and the resonance associated with the antisymmetric mode is somewhat stronger and narrower than that associated with the symmetric mode. From the mode splitting we can infer the membrane transmission. Within our model, the mode splitting is independent of scattering losses and is given by
where the last line results from making the approximation of a membrane without absorption loss, ζ I → 0. This result agrees with that found in earlier work [6, 38, 39] . From (7) we infer T m = (8.07 ± 0.06) × 10 −4 , with a corresponding polarizability of ζ = 35.18 ± 0.14. The correction to ζ R induced by taking ζ I (as determined from the subsequent lineshape analysis) in (6) is negligible.
We next consider the lineshapes of the transmission resonances shown in Fig. 4a . In the interests of transparency, we give expressions for a symmetric cavity (T 1 = T 2 ≡ T ), although we make use of the more general situation (T 1 = T 2 , with T 1 and T 2 determined from our study of the empty cavity) in our subsequent analysis. The transmission spectrum of the antisymmetric mode is found to be Lorentzian with FWHM and peak height given by
where S = S diel +S m . The expression for the linewidth is the same as (5) for the empty cavity, with the scattering losses now taken to be the sum of those for the membrane and the dielectric mirrors. The FWHM and peak height of the symmetric mode are given by
where it has been assumed that ζ R >> 1 (which is the case of interest). If ζ I = 0 the peak is not exactly Lorentzian, and it shows additional broadening due to absorption. Taking the mirror properties T 1 , T 2 and S diel from the measurements of the empty cavity, and δν SA and ζ R from the measured frequency splitting between the symmetric and antisymmetric modes (7), the only remaining parameters to be determined are the membrane scattering S m and the imaginary part of the polarizability ζ I . Fitting the transmission data, as shown in Fig. 4a , to generalizations of (8)- (11) Fig. 3c ). The two peaks correspond to the antisymmetric and symmetric modes. The taller peak (purple) in (a) is the empty cavity transmission. The overall reduction in height of both modes with respect to the empty cavity results from scattering losses, while the relatively smaller, broader peak of the symmetric mode results from absorption. The frequency separation δνSA is used to determine |tm| or ζR. The green curve superposed on the transmission data is a fit to our model, in which the only adjusted parameters are the loss terms Sm and ζI . The red curve superposed on the reflection data is not a fit, but rather the prediction of our model using the parameters Sm and ζI determined from the fit to the transmission data.
and S m = (8 ± 1) × 10 −4 . These parameters may then be substituted into expressions for the cavity reflection based on the matrix model, and the results are overlaid on the reflection data in Fig. 4b ; the excellent agreement is a testament that our model accurately captures the underlying physics.
We now summarize the optical properties of the HCG as determined from our measurements. Within our model, the reflection and transmission of the slab parametrized by polarizability ζ are |r m | 
V. CONCLUSION
By using a membrane patterned as a subwavelength diffraction grating, we have implemented a "membrane in the middle" system with a membrane of very high reflectivity. The resonance spectrum is qualitatively different from those demonstrated to date using low-reflectivity membranes; rather than a sinusoidal modulation of frequency with membrane displacement, the spectrum is that of two cavities coupled by photon tunneling through a shared highly-reflecting mirror. The weak optical coupling manifests itself as an avoided crossing at the point where the left-and right-hand cavities are simultaneously resonant, and from the size of the avoided crossing we are able to precisely determine the membrane transmission.
Analysis of the avoided crossing allows additional insight into the loss mechanisms present in the subwavelength grating. The upper branch of the avoided crossing is a spatially symmetric mode, having nonzero overlap with the membrane, whereas the lower branch is antisymmetric, having (in the limit of a membrane of vanishing thickness) no overlap. Consequently, the symmetric mode suffers greater loss from absorption, manifest in the form of a weaker resonance peak with a larger linewidth. Losses unrelated to material absorption are the same for both modes, so that by comparing the two resonance peaks with that of the empty cavity, we are able to distinguish the effects of absorption and scattering.
The values found for the HCG properties agree reasonably well with those expected from RCWA calculations, although the measured absorption A m = 2.34 × 10 −4 is somewhat higher than the value 1.3 × 10 −4 < A < 1.5 × 10 −4 predicted by RCWA. Further reduction of absorption losses is possible by the use of stoichiometric Si 3 N 4 [42] rather than the low-stress SiN that was used in this work. Scattering losses can in principle be reduced by further improving the fabrication process. The present study has concentrated exclusively on the optical properties of our "HCG in the middle" system. The HCG is, however, mechanically compliant, and future work will explore the optomechanical opportunities in this system.
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